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In Brief Satoh et al. show that EphA4 mutation in dorsal spinal interneurons marked by the transcription factor Lbx1 degrades the behavioral robustness of left-right limb alternation during development and leads to ectopic wiring of these neurons to contralateral motor neurons.
INTRODUCTION
Coordination of behavior between opposite body halves is a prerequisite for the smooth execution of motor programs. The nervous system solves this behavioral quest by appropriate communication between neurons connected across the central midline. In rodents, different locomotor gait patterns for execution of motor programs exist. The most abundantly employed motor strategy is a left-right paired limb alternating gait pattern (Clarke and Still, 1999; Grillner, 2006; Kiehn, 2011; Pearson et al., 2005) , and only at high speed, locomotion transits to a left-right synchronous movement regime (Bellardita and Kiehn, 2015) . This bias of rodents to alternate paired limbs under most environmental conditions has provided a valuable experimental entry point to dissect the underlying neuronal circuitry responsible to produce limb alternation.
Neurons residing in the spinal cord are of key importance for locomotion. Descending pathways from the brain control spinal interneurons that in turn are needed to produce motor output, including left-right and extensor-flexor alternation (Goulding, 2009; Grillner, 1985; Grillner and Jessell, 2009; Jordan et al., 2008; Kiehn, 2011) . Thus, spinal circuits upstream of motor neurons are instrumental for the timing and pattern of motor neuron activation ultimately controlling muscle contraction as well as the coordination between left and right body halves. In addition, in order to monitor the execution of motor programs, motor neurons and local spinal circuits receive input from proprioceptive sensory neurons, providing feedback about identity, timing, and magnitude of ongoing muscle contractions (Rossignol et al., 2006; Windhorst, 2007) . Through this circuit construct, extrinsic sensory feedback is linked to intrinsic locomotor spinal circuits.
Genetic programs specify spinal neurons during development. Ten major classes of spinal interneurons are derived from transcriptionally distinct progenitor domains that, themselves, fractionate into additional subpopulations (Alaynick et al., 2011; Arber, 2012; Goulding, 2009 ). Many studies provide evidence that genetically defined interneuron subpopulations exhibit distinct characteristics, including spinal settling position, neurotransmitter phenotype, projection and connectivity patterns, and functions in motor behavior (Alaynick et al., 2011; Arber, 2012; Goulding, 2009) . Retrograde transsynaptic rabies tracing studies from motor neurons have unraveled overall distribution patterns of spinal premotor neurons. These mapped premotor populations contain many of the genetically defined classes of spinal interneurons on ipsilateral and/or contralateral spinal sides, thereby enabling motor neurons to directly integrate information from different interneuron subtypes (Dougherty et al., 2013; Goetz et al., 2015; Levine et al., 2014; Stepien et al., 2010; Tripodi et al., 2011) . Interestingly, many ipsilateral premotor interneurons reside in a node for proprioceptive sensory feedback in Rexed's lamina V/VI (Tripodi et al., 2011; Levine et al., 2014) . These neurons are derived from Lbx1-progenitor domain territory (Tripodi et al., 2011) , suggesting that these Lbx1-derived premotor interneurons are a spinal cord intrinsic hub integrating proprioceptor information before transmission to motor neurons. Despite the stereotypic connection patterns and physiological importance of premotor neurons, however, molecular mechanisms that can induce specific changes in patterns of premotor wiring and how such changes might impact on behavior are surprisingly underexplored.
Mutation of transcription factors expressed by spinal interneuron subpopulations often alters interneuron fate coincidently with connectivity and behavior (Alaynick et al., 2011; Gosgnach et al., 2006; Goulding, 2009; Lanuza et al., 2004) , making it difficult to dissociate whether behavioral phenotypes are due to neuronal identity changes or simply miswiring but not paralleled by bona fide cell fate changes. Mutation of cell surface signaling molecules in neuronal subpopulations provides one possible avenue to specifically manipulate neuronal connectivity without affecting primary neuronal fate. EphA4 is a tyrosine kinase axon guidance receptor expressed by many excitatory spinal neurons (Restrepo et al., 2011) . It signals through the intracellular RacGAP a-chimaerin and is activated by midline-expressed EphrinB3 repelling EphA4-expressing axons from crossing (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007) . Mouse strains with full-body mutation in EphA4, EphrinB3, or a-chimaerin all display behavioral phenotypes with highly penetrant synchronous paired limb locomotion (Ché dotal, 2014) . Most recent in vivo experiments demonstrate that specifically spinal but not cortical excitatory neurons need EphA4 expression in order for mice to display alternating gait patterns during locomotion (Borgius et al., 2014) . This work and other studies provide evidence for ectopic axonal midline crossing in the spinal cord as a cellular correlate accompanying EphA4 mutation (Borgius et al., 2014; Kiehn, 2011; Kullander et al., 2003) . An imbalance in excitatory-inhibitory signaling across the spinal midline is thought to arise through this mechanism, thereby leading to gait changes. These observed behavioral phenotypes have primarily been attributed to spinal interneurons projecting through ventral commissures (Borgius et al., 2014; Kjaerulff and Kiehn, 1996; Restrepo et al., 2011) , but whether also dorsal interneurons can contribute to behavioral phenotypes in vivo by miswiring across the midline is currently unclear. These combined studies suggest that EphA4 mutation in defined spinal interneuron subpopulations provides a convenient strategy to induce specific connectivity changes and to probe its relationship to robustness in motor behavior.
Here we use virus technology and mouse genetics to uncover aberrant sites for contralateral premotor neurons in EphA4 mutant mice, a connectivity phenotype recapitulated in Lbx1 EphA4 conditional mice. Ectopic contralateral premotor Lbx1 neurons connect to motor neurons bilaterally and receive unilateral proprioceptive input. Thus, information normally routed through these sensory relay neurons to ipsilateral motor neurons is now aberrantly directed bilaterally. Lbx1 EphA4 conditional mice exhibit state-dependent gait changes, with terrestrial leftright alternating and aquatic synchronous locomotion. Our work demonstrates that designed mutations inducing specific connectivity changes in sensory-relay interneurons in vivo can profoundly influence robustness of gait choice during locomotion in an environment-specific manner.
RESULTS

EphA4 Mutation Perturbs Premotor Wiring in the Spinal Cord
To determine the distribution of spinal interneurons with monosynaptic connections to motor neurons in EphA4 mutant mice, we used transsynaptic virus-based methods. To initiate transsynaptic viral spreading, we infected motor neurons retrogradely by glycoprotein-deficient rabies virus encoding fluorescent marker proteins (Rab-FP) in conjunction with adeno-associated virus expressing glycoprotein (AAV-G) (Stepien et al., 2010; Tripodi et al., 2011) . We injected the hindlimb knee flexor muscle tibialis anterior (TA) in both WT and EphA4 À/À mice. To assess possible differences in spinal premotor interneuron distribution patterns between WT and EphA4 À/À mice, we reconstructed the position of premotor interneurons marked by Rab-FP from thoracic (T10) to sacral (S1) levels as previously described (Stepien et al., 2010; Tripodi et al., 2011) . We found that while premotor interneurons contralateral to injection in WT mice were mainly confined to Rexed's lamina VIII and sparse dorsal to the central canal, in EphA4 À/À mice, these neurons were not only restricted to lamina VIII but also found in Rexed's lamina V/VI in a dorso-medial domain (Figures 1A and 1B) . Quantitative analysis revealed that significantly more premotor interneurons resided in the contralateral dorsal quadrant in EphA4 À/À than in WT mice, whereas there was no difference in the contralateral ventral quadrant ( Figure 1C ). The ectopic dorsal premotor population in EphA4 À/À mice was also evident in a dorso-ventral density distribution analysis of contralateral premotor interneurons. In WT mice, we found a single peak in the ventral spinal cord in a position corresponding to Rexed's lamina VIII, but two discernable peaks, one in the dorsal and one in the ventral spinal cord, in EphA4 À/À mice ( Figure 1D ). These findings suggest that dorsal premotor interneurons in EphA4 À/À mice are likely distinct from the lamina VIII-residing commissural interneuron population also present in WT mice. Together, our data demonstrate that in EphA4 À/À mice, motor neurons receive aberrant direct synaptic input from contralateral dorsal interneurons, raising the question of their genetic identity.
EphA4 Mutation in Lbx1 Interneurons Causes Aberrant Connectivity to Motor Neurons
The location of ectopic premotor interneurons in EphA4 À/À mice in a medio-dorsal domain ( Figure 1B ) raised the possibility that at least some of these interneurons may originate from Lbx1-fated progenitor domain territory (Gross et al., 2002; Mü ller et al., 2002; Tripodi et al., 2011) . Lbx1-marked neurons are derived from progenitor domains dI4-dI6, of which interneurons from dI4 and dI5 settle in the dorsal spinal cord, including many dorsal premotor interneurons (Tripodi et al., 2011) , whereas dI6 premotor interneurons migrate to Rexed's lamina VIII ( Figure 1F ). Moreover, a recent study demonstrated that EphA4 mutation specifically in Lbx1 neurons induces ectopic axonal midline crossing in the dorsal spinal cord (Paixã o et al., 2013) , lending further support to the idea that the ectopic contralateral premotor neurons observed here may be part of the Lbx1 population. Although many neurons downregulate Lbx1 at early postnatal stages (Del Barrio et al., 2013) , immunohistochemistry to Lbx1 revealed colocalization in some contralateral dorsal premotor interneurons of EphA4 À/À mice ( Figure 1E ). Moreover, we found that contralateral Lbx1-expressing premotor neurons marked by a genetic strategy contained both Tlx3 (dI5) and Pax2 (dI4) (Cheng et al., 2004) premotor neurons ( Figures 1F-1H (Herrmann et al., 2010) , to as before, generate Lbx1 EphA4 conditional mice (Paixã o et al., 2013 (Alaynick et al., 2011; Andersson et al., 2012; Goulding, 2009 Locomotor-Task-Dependent Gait Phenotype in Lbx1 Conditional EphA4 Mutants EphA4 mutant mice locomote using a highly synchronous gait pattern, coordinately moving left and right paired limbs (Dottori et al., 1998; Kullander et al., 2003) . We therefore next tested the behavioral consequences of selective EphA4 elimination in Lbx1 ON neurons. Since ectopic premotor neurons in EphA4 mutant mice reside preferentially in a medial position of the intermediate spinal cord located within the sensory feedback stream of proprioceptors (Tripodi et al., 2011) , we compared locomotor performance under conditions during which mice employ different modes of proprioceptive signaling. Specifically, during weight-supported locomotion on ground, proprioceptive feedback from both Golgi Tendon Organs (GTOs) and muscle spindles provides important sensory information to the spinal cord ( Figure 3A ). During swimming on the other hand, sensory information relies mainly on proprioceptive inputs from muscle spindles, whereas GTO-derived signals are attenuated due to buoyancy supporting the body weight (Akay et al., 2014; Gruner and Altman, 1980; Takeoka et al., 2014 ) ( Figure 3A ).
We analyzed mice at postnatal (P) stages P9-P10, an age at which mice smoothly execute both locomotion on ground and swimming in the water using a similar behavioral strategy ( Figures 3A and S2 ). We found that WT mice alternate hindlimbs during on-ground locomotion and employ a crawling-like swimming style with limb alternation, as confirmed by quantitative phase value analysis (n = 5, Figures 3B and 3C; Movie S1). EphA4 À/À mice showed pronounced synchronous limb movement in both tasks (n = 4, Figures 3B and 3C; Movie S1), as reported for EphA4 mutants before (Akay et al., 2006) . Strikingly, however, Lbx1 EphA4 conditional mice exhibited different locomotor patterns during swimming and on ground locomotion. While during on ground walking, Lbx1 EphA4 conditional mice displayed alternating gait (88.8% ± 3.5% of steps classified as alternating; n = 9; Figures 3B and 3C; Movie S1), during swimming, the same mice exhibited a high fraction of synchronous gait strokes, akin to a butterfly-like swimming style (40.9% ± 3.8% of stroke events). Synchronous gait strokes were present in all mutants analyzed and occurred mostly in clusters (Figures 3B and 3C ; 68.8% ± 6.3% of synchronous strokes followed by another synchronous stroke). The frequency of alternating and synchronous hindlimb strokes in Lbx1 EphA4 conditional mutants and the frequency of alternating hindlimb strokes in WT mice were not significantly different (alt: 2.75 ± 0.14 Hz; sync: 2.8 ± 0.1 Hz in Lbx1 EphA4 conditional mice; alt: 2.51 ± 0.19 Hz in WT mice). Together, these findings provide evidence that Lbx1 EphA4 conditional mice display task-specific gait patterns dependent on EphA4 expression in Lbx1 neurons. In contrast, such context-dependent locomotor changes were not observed in WT or full EphA4 mutant mice. To further probe whether the observed behavioral difference between walking and swimming is due to weight load on limbs during on ground locomotion, we analyzed gait patterns during air-stepping ( Figures 3A and 3D ). We found that Lbx1 EphA4 conditional mice move left and right limbs in the air synchronously (hindlimb synchronous steps: 57.8% ± 9.4%; n = 9; forelimb synchronous steps: 66.2% ± 5.2%; n = 8), whereas WT mice alternate limbs (hindlimb synchronous steps: 5.1% ± 3.2%; n = 6; forelimb synchronous steps: 8.1% ± 2.5%; n = 5) in the same assay ( Figure 3D ). Together, these findings show that the synchronous gait phenotype in Lbx1 EphA4 conditional mice depends on weight load applied to limbs during locomotion. By inference, proprioceptive signaling from muscle spindle afferents without ground support for limbs (swimming, air stepping) promotes a synchronous gait phenotype, whereas under conditions with supplementary GTO and cutaneous afferent signaling (onground walking), this trait is suppressed leading to alternating gait as in WT mice.
EphA4 Mutation in Spinal Lbx1 Neurons Causes Butterfly Swimming Phenotype
Lbx1 is expressed by many neurons throughout the spinal cord as well as in the hindbrain (Sieber et al., 2007) . To determine whether the context-dependent behavioral phenotype in Lbx1 EphA4 conditional mice is due to lack of EphA4 expression in spinal Lbx1 neurons, we devised an experimental strategy to silence Lbx1 ON neurons confined to lumbar spinal segments. We argued that should ectopic connectivity of EphA4 mutant Lbx1 neurons in the spinal cord be causally linked to the limb locomotor phenotype, transient silencing of lumbar Lbx1
ON neurons should significantly ameliorate the butterfly swimming phenotype and enhance emergence of crawling-style swimming selectively for hindlimbs but not forelimbs in Lbx1 EphA4 conditional mice.
To transiently and specifically reduce neuronal activity of lumbar spinal Lbx1 ON neurons, we applied a pharmacogenetic silencing approach making intersectional use of mouse genetics and focal viral injections. PSAM L141F Y115F -GlyR (PSAM-GlyR) is a chimeric ion channel engineered to bind to and to be activated by an artificial ligand (PSEM 308 ), leading to transient reduction of neuronal activity in neurons expressing the designer channel (Magnus et al., 2011 Figures 4A-4C ).
To determine the behavioral consequences of silencing lumbar Lbx1 neurons, we monitored hindlimb and forelimb movement during swimming at three time points on the same day, i.e., before (Pre), 10 min after (PSEM), and a few hours after (Post) PSEM 308 administration. PSEM 308 administration to mice with AAV-driven PSAM-GlyR expression in lumbar Lbx1 ON interneurons but without EphA4 conditional allele did not influence the selected swimming style, with the vast majority of all strokes in the limb-alternating crawling style across all three tested conditions (n = 4; Figures 4D and 4E) . Moreover, application of PSEM 308 to Lbx1 EphA4 conditional mice not expressing PSAM-GlyR did not alter the penetrance of the butterfly swimming phenotype for either hindlimbs or forelimbs (Figures 4D  and 4E ; n = 4). Strikingly, however, we found that in Lbx1 EphA4 conditional mice with PSAM-GlyR expression in lumbar spinal Lbx1 ON neurons, PSEM 308 administration led to a hindlimb-specific reduction of butterfly strokes and a coincident increase in alternating strokes during swimming ( Figure 4D ; n = 4; pre: 49.3% ± 7.0%, during: 20.8% ± 6.5%), and this phenotype was reversible upon termination of pharmacogenetic PSAM-GlyR activation ( Figure 4D ; n = 4; Post: 48.3% ± 9.8%). To more precisely define the genetic identity of dorsal spinal interneurons responsible for the observed behavioral defects in Lbx1 EphA4 conditional mice, we carried out a subtractive genetic approach for conditional EphA4 elimination. Of the dorsal Lbx1-fated neurons, populations expressing the transcription factor Ptf1a constitute the dI4 cohort, and a Cre driver line is available to eliminate EphA4 selectively from Ptf1a-fated cells (Glasgow et al., 2005) . We found that the swimming behavior of Ptf1a EphA4 conditional mutant mice was indistinguishable from WT mice exhibiting normal crawling style ( Figure S3 ), suggesting that dI5 and not dI4 spinal interneurons are causally linked to the butterfly swimming style observed in Lbx1 EphA4 conditional mice.
Together, these results provide evidence that the butterfly swimming phenotype in Lbx1 EphA4 conditional mice is due to neuronal activity of local spinal dI5 neurons and can be reversed when these neurons are silenced. Neuronal activity of aberrantly connected local Lbx1 interneurons in conditional EphA4 mutants therefore enhances the occurrence of the butterfly over the crawling swimming style.
Developmental Modulation of Butterfly Swimming Phenotype in EphA4 Mutants
Swimming is one of the earliest behaviors that mice can execute as they grow up (Fox, 1965) . In order to determine the developmental time line of how the butterfly swimming style in Lbx1 EphA4 conditional mice is expressed, we assayed swimming behavior throughout development. We found that P5 mice are able to swim, but limbs of younger mice floated on the water surface, preventing us from acquiring reliable results at stages earlier than P5 (Movie S2). At P5, WT mice alternate left and right paired hindlimbs and forelimbs during swimming, whereas EphA4 À/À mutant mice exhibit mostly butterfly strokes (Figures 5A and 5C-5E; n = 6). As seen at P9-P10, also P5 Lbx1 EphA4 conditional mice had a high occurrence of butterfly strokes for both hindlimbs and forelimbs (hindlimbs: 40.6% ± 1.7%; forelimbs: 58.6% ± 1.7% of stroke events; n = 13, Figures 5B, 5D , and 5E). These results show that the aberrant swimming phenotype in Lbx1 EphA4 conditional mice is expressed at the earliest developmental time point mice are able to reliably swim. We next analyzed swimming behavior up to P15. We found that WT mice use a crawling-type swimming style, and full EphA4 mutants faithfully adhere to the butterfly swimming style throughout development ( Figures 5F-5I ). In contrast, Lbx1 EphA4 conditional mice gradually change their swimming style as development proceeds, reducing the percentage of synchronous strokes and increasing alternating strokes from P11 onward, with only 3.9% ± 1.6% of butterfly strokes by P15 (Figures 5F-5I) . Notably, throughout this time course, locomotor frequencies of WT and Lbx1 EphA4 conditional mice ( Figure 5F ) were in the range within which adult WT mice exhibit robust limb alternation (Bellardita and Kiehn, 2015) . We found that the developmental phenotype progression observed in Lbx1 EphA4 conditional mice is not dependent on motor learning since also mice entirely deprived of experience in water up to P15 exhibit mostly a crawling-type swimming style when first tested at P15, whereas WT mice alternate limbs at first exposure (data not shown).
To determine whether in Lbx1 EphA4 conditional mice gain on ground gait defects as they gradually lose the ability to swim the butterfly-style in water, we assessed locomotion of adult mice walking on a treadmill. We tested adult Lbx1 EphA4 conditional mutant and WT mice on a treadmill at speeds between 13 and 23 cm/s. We found that there is no significant difference between genotypes ( Figure S4 ), confirming the visual impression that adult Lbx1 EphA4 conditional mice show normal limb alternation during treadmill locomotion.
To examine whether the underlying cause for the gradual developmental loss of exhibiting the butterfly swimming style in Lbx1 EphA4 conditional mutant mice is paralleled by circuit adjustments to correct aberrant connectivity to motor neurons in these mice, we carried out an assessment of these connections in adult mice, using an anterograde combined genetic and viral tracing approach. We visualized axonal projections and synaptic terminals by co-injection of AAVs containing FRT-flanked constructs encoding membrane-targeted tdTomato and synaptophysin-GFP unilaterally into lumbar spinal cords of adult mice. We injected viruses confined to spinal territory dorsal to the central canal in mice in which Lbx1 ON neurons express FLPo recombinase to avoid infection of dI6 commissural neurons ( Figures 6A-6C) .
In mice with a WT copy of the EphA4 allele, most axons and synaptic terminals were confined to the side ipsilateral to injection ( Figure 6B ). In contrast, in the Lbx1 EphA4 conditional mouse background, we detected ectopic axons on the side contralateral to injection ( Figure 6C ). To determine whether these aberrant commissural axons connect to contralateral motor neurons, we reconstructed and quantified synaptic input to motor neurons. We found that significantly more synaptic terminals of Lbx1 ON neurons to contralateral motor neurons were observed in Lbx1 EphA4 conditional than WT mice ( Figures 6D and 6E ). These findings demonstrate that ectopic commissural input from Lbx1 ON neurons to motor neurons persists throughout development ( Figure 6F ).
Aberrant Sensory-Premotor Interneuron Wiring in Lbx1
EphA4 Conditional Mice To gain insight into possible circuit mechanisms underlying the context-dependent locomotor phenotype observed in Lbx1 EphA4 conditional mice, we next analyzed whether ectopic contralateral premotor interneurons receive direct proprioceptive input. We combined marking of TA premotor interneurons using the monosynaptic rabies approach with visualization of proprioceptive afferent terminals by injection of fluorescent dye conjugated cholera toxin B (CTb) into contralateral GS or TA muscles ( Figure 7A ). In these experiments, we found CTb-positive proprioceptive terminals marked by vesicular glutamate transporter vGlut1 exclusively in the spinal cord ipsilateral to CTb injection in both WT and Lbx1 EphA4 conditional mice (data not shown), providing evidence that EphA4 mutation in Lbx1-expressing cells does not induce ectopic sensory axon growth across the midline. We found, however, that proprioceptive terminals contact ectopic dorsal premotor interneuron cell bodies and dendrites in Lbx1 EphA4 conditional mice on the side contralateral to rabies injection ( Figures 7B and 7C ), a phenotype we observed for both TA and GS proprioceptors, although to a higher extent for GS ( Figure 7D ). We conclude that miswired contralateral premotor interneurons in Lbx1 EphA4 conditional mice receive unilaterally confined proprioceptive inputs, information that is normally destined for premotor interneurons contacting motor neurons on the same side.
These findings raise the question of whether some of the described contralateral dorsal premotor interneurons in Lbx1 EphA4 conditional mice not only connect aberrantly to motor neurons on the other spinal side, but perhaps at the same time establish collaterals to ipsilateral motor neurons they would connect to in WT mice. As a first test of this idea, we overlaid artificially flipped transverse contour plots of ipsilateral and contralateral premotor population reconstructions. Since in WT mice most Lbx1 ON and Lbx1 OFF premotor neurons reside in contralateral lamina VIII, we observed no overlap between the ipsilateral and contralateral reconstructed populations ( Figures  S5A-S5C ). In contrast, Lbx1
ON ipsilateral and artificially flipped-contralateral premotor populations overlapped in Lbx1 EphA4 conditional mice, whereas Lbx1 OFF premotor populations did not ( Figures S5D-S5F) . Therefore, the position of ectopic premotor interneurons in Lbx1 EphA4 conditional mice is compatible with the possibility of coincident connectivity to ipsilateral and contralateral motor neurons. To directly test this possibility, we injected TA muscles bilaterally with AAV-G combined with Rab-GFP (left) and Rab-RFP (right) in Lbx1 EphA4 conditional mice ( Figure 7A ). Indeed, we found dual-labeled GFP ON / RFP ON neurons located in lamina V/VI ( Figures 7E and 7F ). Taken together, these findings demonstrate the existence of aberrant transmission pathways for proprioceptive sensory information to motor neurons on both spinal sides in Lbx1 EphA4 conditional mice ( Figure 7G ), providing insight into how sensory feedback circuits might contribute to the behavioral abnormalities in these mice. See also Figure S5 .
DISCUSSION
Many mammals exhibit robust and limb-alternating locomotor gait patterns in both terrestrial and aquatic environment. We found that EphA4 expression in interneurons derived from spinal Lbx1 progenitor domain territory is essential to confer such behavioral robustness of limb-alternating locomotor pattern when changing between aquatic and terrestrial environment during development. These behavioral abnormalities are accompanied by specific premotor connectivity changes in Lbx1 EphA4 conditional mice. We discuss the implications of our findings for the function of EphA4 signaling in spinal Lbx1 neurons, focusing on how changes in interneuron connectivity might intersect with processing of sensory information to affect behavioral robustness of animal locomotion.
EphA4 Function in Wiring Spinal Lbx1 Interneurons and Gait Control
Faithful connectivity of premotor interneurons is essential to control movement. Recent studies provide insight into the overall organization of connectivity between spinal interneurons and motor neurons. Spinal premotor neurons distribute in characteristic patterns paralleling the observed functional differences of distinct motor neuron pools (Goetz et al., 2015; Stepien et al., 2010; Tripodi et al., 2011) . Developmental mechanisms driving the establishment of premotor circuit connectivity are, however, less well understood. Here we found that in full EphA4 mutant mice, dorsal spinal interneurons, including Lbx1 neurons, connect to contralateral motor neurons aberrantly. This connectivity phenotype is recapitulated in Lbx1 EphA4 conditional mice and is due to cell-autonomous EphA4 signaling in Lbx1 neurons. Whereas previous studies on spinal EphA4 signaling were primarily focused on axon overshooting at the midline (Borgius et al., 2014; Kullander et al., 2003; Paixã o et al., 2013; Restrepo et al., 2011) , our work adds a new dimension, uncovering alterations in connectivity patterns of EphA4 mutant neurons in addition to axon guidance defects. These findings raise the more general question of control mechanisms determining connectivity profiles between neurons. From the perspective of a potential premotor spinal interneuron, its axonal proximity to motor neuron dendrites is a prerequisite to establish connections. Neuronal EphA4 mutation releases the midline-crossing block for some normally ipsilaterally projecting interneurons, allowing their axons to aberrantly cross the midline. Under the assumption that the midline-crossing decision is unrelated to the choice of synaptic partners, one can expect that identical connectivity mechanisms for interneuronal axons operate on both spinal sides. Indeed, we found ectopic contralateral dorsal Lbx1 premotor interneurons in Lbx1 EphA4 conditional mice to be confined to spinal positions normally occupied by ipsilateral premotor neurons. These findings are further underscored by the fact that at least some neurons in these mutant mice exhibit bilateral connections to both ipsilateral and contralateral motor neurons, a connectivity pattern not detected for dorsal Lbx1 interneurons in WT mice.
In line with a model in which cell-type specific interneuron connectivity is regulated independent of axonal midline-crossing, by far not all EphA4-expressing Lbx1 neurons convert to premotor interneurons upon EphA4 mutation. Up to 50% of dorsal Lbx1 spinal neurons are estimated to express EphA4 (Paixã o et al., 2013) . These include many interneurons in superficial laminae processing and transmitting somatic sensory information (Duan et al., 2014) . Moreover, a recent study revealed a guidance and dorsal funiculus projection phenotype in a dorsal Lbx1 neuron population upon EphA4 mutation (Paixã o et al., 2013) . In Lbx1 EphA4 conditional mice, we observed no ectopic premotor neurons in the superficial dorsal horn or positions where Lbx1/Zic2 neuron subpopulations reside, consistent with the idea that dorsal spinal Zic2 neurons represent a separate population (Escalante et al., 2013; Paixã o et al., 2013) .
Previous studies on EphA4 mutant neurons in relation to gait control have focused primarily on ventral spinal neurons. Even though in experiments performed on spinal cords derived from mice with EphA4 mutation in excitatory vGlut2 neurons, cutting dorsal commissures did not change the observed in vitro locomotor phenotype (Borgius et al., 2014; Restrepo et al., 2011) , a role for dorsal neurons may have been masked by contributions of ventral interneurons to this phenomenon. Our in vivo work reveals a transient but specific gait phenotype in Lbx1 EphA4 mutant mice. It is therefore likely that upon EphA4 mutation, several different spinal interneuron populations, including both ventral and dorsal subpopulations, can influence local spinal circuitry to alter gait patterns. EphA4 mutation in these spinal neurons would change the balance of excitation and inhibition across the midline, thereby resulting in aberrant coordination between left and right local spinal networks to varying degrees. In agreement with this general concept of distinct possibly susceptible populations and even different molecular mechanisms, mutations in other midline guidance systems also lead to gait perturbations in mice (Rabe et al., 2009 ).
Context-Dependent Regulation of Gait Pattern in Lbx1
EphA4 Conditional Mice The most striking behavioral consequence of EphA4 mutation in Lbx1 neurons was its weight load-dependent change in locomotor gait pattern. Whereas Lbx1 EphA4 conditional mice did not exhibit notable walking defects on ground, locomotor behavior in non-weight-bearing environments such as swimming or airstepping transitioned to a mode exhibiting many synchronous limb movements. Nevertheless, the penetrance of synchrony in conditional mutant mice was far lower than in full EphA4 mutant mice for which essentially all steps and strokes expressed robust synchrony irrespective of environment. Moreover, the behavioral phenotype in Lbx1 EphA4 conditional mice was observed over a developmentally confined time window, vanishing gradually over a period when postural and locomotor behavior matures (Geisler et al., 1993) . These findings suggest that EphA4 mutant Lbx1 neurons interact with and misbalance spinal circuitry responsible for the robust behavioral expression of left-right gait patterns. The lack of robustness in gait pattern observed in Lbx1 EphA4 conditional mice, including its dependence on experienced weight load and developmental confinement in expression, raises the question of the underlying circuit mechanisms leading to destabilization and misbalance in locomotor behavioral output.
We found that the cellular origin of EphA4 mutant Lbx1 neurons responsible for gait misbalance is in the spinal cord at segments concerned with the regulation of aligned limbs. Importantly, exclusive and transient pharmacogenetic silencing of lumbar spinal Lbx1 neurons in Lbx1 EphA4 conditional mice significantly shifted the gait pattern of hindlimbs but not forelimbs toward alternation, and this phenotype was reversible upon cessation of neuronal inhibition. These findings exclude roles for Lbx1 neurons at other spinal segments or making up descending pathways in the expression of the behavioral phenotype, and they also demonstrate that the phenotype is not due to developmental rewiring of other circuits as a secondary consequence of EphA4 mutation in Lbx1 neurons.
What could be possible reasons for changes in gait patterns as Lbx1 EphA4 conditional mice grow up? Recent work revealed speed dependency of expressed gait patterns in adult mice upon ablation of transcriptionally defined ventral interneuron populations (Talpalar et al., 2013) or conditional EphA4 mutation (Borgius et al., 2014) . Our assessment of adult Lbx1 EphA4 conditional mice was carried out at relatively low speed conditions, and it would hence be interesting to determine whether at higher speed, some aberrancy compared with WT mice exists. Nevertheless, over the developmental time window during which the swimming phenotype in Lbx1 EphA4 conditional mice vanishes, locomotor frequencies even slightly increase, making it unlikely that speed differences provide a plausible explanation for the developmental changes. We consider it most plausible that the underlying reason for the observed developmental transition in the behavioral strategy for the execution of swimming in Lbx1 EphA4 conditional mice is the maturation of other circuit components able to override the local circuit phenomenon driving butterfly swimming in mutants at early postnatal stages. Recent work has, for example, shown that both descending vestibular and proprioceptive circuits reorganize synaptic input specificities to spinal neurons over an early postnatal time window (Basaldella et al., 2015; Mendelsohn et al., 2015) .
Unilateral processing of proprioceptive information is evolutionarily conserved from Drosophila to mammals, leading to side-specific behavioral responses to sensory stimuli (Eccles et al., 1957; Hwang et al., 2007) . In agreement, we found that dorsal Lbx1 ON neurons in WT mice do not play a striking role in the regulation of left-right alternation. Dorsal Lbx1 ON neurons project preferentially ipsilaterally, similar to the previously studied Isl1 ON dI3 neurons, another class of dorsal sensory relay neurons that is involved in grasping (Bui et al., 2013) . Future studies will resolve whether WT dorsal Lbx1 ON neurons also function in sensory-motor processing, a behavioral readout not studied here. In mammals, most commissural interneurons reside in Rexed's lamina VIII and are positioned outside the domain of direct sensory input (Jankowska, 2008 (Jankowska, , 2015 , ensuring unilateral disynaptic sensory information flow to motor neurons.
Our experiments demonstrate that in Lbx1 EphA4 conditional mice, dorsal premotor interneurons aberrantly connect to motor neurons on both spinal sides, while receiving unilateral muscle sensory feedback. Since Ptf1a EphA4 conditional mice did not exhibit limb alternation phenotypes in our assays, we infer that the functionally important dorsal Lbx1 neurons are likely excitatory. This circuit configuration with di-synaptic bilateral routing of muscle sensory information to motor neurons and interneurons on both spinal sides likely interferes with ongoing alternating locomotor patterns generated by ventral spinal circuits (Kjaerulff and Kiehn, 1996; Restrepo et al., 2011) . We found that dorsal Lbx1 ON neurons in Lbx1 EphA4 conditional mice still connect to contralateral motor neurons in the adult, but since the premotor rabies tracing method is limited in use to the first two postnatal weeks (Stepien et al., 2010) , we could not assay whether in the adult these neurons still connect to motor neurons bilaterally and receive proprioceptive input. Differences in sensory feedback signaling might also at least in part be responsible for task dependency of behavioral phenotypes in Lbx1 EphA4 conditional mice. The impact of GTO feedback signaling on behavior differs, with locomotion on land but not in water producing a ground reaction force (Dickinson et al., 2000) . Under conditions missing these forces, muscle spindle afferents are predicted to carry the main muscle-derived sensory feedback (Gruner and Altman, 1980) . Indeed, recent work demonstrates that mice lacking muscle spindle feedback exhibit severe swimming defects while relatively minor defects in on-ground locomotion are observed (Akay et al., 2014; Takeoka et al., 2014) . It is not fully understood how muscle spindle and GTO sensory terminals intersect with spinal circuitry to influence behavior, but evidence supports a model in which these afferents only partially share synaptic partners Fyffe, 1978a, 1978b; Conway et al., 1987; Harrison and Jankowska, 1985; Rossignol et al., 2006) . It is therefore possible that during on ground locomotion sensory input to non-Lbx1 dorsal premotor interneurons plays a more dominant role than in water and is able to override the behavioral impact of bilaterally misconnected Lbx1 dorsal premotor neurons. Lack of molecular markers distinguishing muscle spindle from GTO afferents prevented us from testing whether differential connectivity of these functionally distinct afferents is at the core of behavioral context dependency.
Our findings imply that in WT mice, unilateral connectivity of dorsal Lbx1 premotor neurons ensures robustness in locomotor output generation despite environmentally imposed differences. Together, our work demonstrates how subtle alternations in the code for cell surface signaling within defined neuronal populations can lead to specific circuit reconfigurations inducing changes in the execution of behavioral programs. (Tripodi et al., 2011), and Tau-loxP-stop-loxP-FlpO-IRES-nlsLacZ (Pivetta et al., 2014) . Mouse strains were maintained on a mixed genetic background (129/ C57Bl6). Housing, surgery, behavioral experiments, and euthanasia were performed in compliance with the Swiss Veterinary Law guidelines.
Anatomical Tracing Experiments
Monosynaptic rabies tracing from individual muscles was performed as previously described (Stepien et al., 2010) , using rabies-GFP or rabies-RFP in conjunction with AAV6-Glycoprotein. Analysis of axonal projections and synaptic terminals was performed as previously described (Pivetta et al., 2014) . More details on these experiments can be found in the Supplemental Information. 
Behavioral Experiments
Behavioral and kinematic analysis of locomotion of adult mice on a motorized treadmill (13 to 23 cm/s, Robomedica) was performed as previously described using the Vicon system (Takeoka et al., 2014) . Swimming tests were carried out in a Plexiglas box (dimensions: 450 3 450 3 200 mm) filled with water (20 C-25 C). Details on the swimming assay can be found in the Supplemental Information.
Pharmacogenetic Silencing Experiments
For pharmacogenetic silencing experiments, we produced double-inverted FRT flanked AAV9 expressing PSAM L141F Y115F
-GlyR using a strategy described previously (Pivetta et al., 2014) and injected it into more than ten sites of the lumbar spinal cord in P0-P1 Figures 1C, 2C , 3D, 6E, 7D, S1C, S3E, S3F, and S4A), paired t test ( Figure 3C ), one-way ANOVA followed by post hoc Tukey's HSD test ( Figures 5D and 5E ), and one-way ANOVA for repeated-measurements ( Figures 4D and 4E ). Significance levels are represented as follows throughout the study: *p < 0.05, **p < 0.01, and ***p < 0.005.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, five figures, and two movies and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2016.01.033.
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